Probing magnetic fields can be done, e.g., by employing the well established Hall effect. Alternatively, we make use of the ballistic motion of electrons in high mobility two-dimensional electron systems ͑2DES͒ to probe electrically the stray field of periodically arranged micomagnets. We investigate the magnetoresistance of the 2DES underneath arrays of magnetic strips and magnetic dots having periods between 500 nm and 1 m. The periodic stray field gives rise to pronounced oscillations of the resistivity as a function of a homogeneous ͑weak͒ magnetic field. The magnetization orientation of the dots and strips can be aligned in different directions with respect to the current flow through the device. The observed magnetoresistance depends characteristically on the magnetization direction and can be understood in terms of the stray field pattern probed by the electrons.
I. INTRODUCTION
Nanometer scale ferromagnetic particles are expected to display unusual magnetic behavior. 1 Depending on the size of the particles the magnetic properties can be tuned from single domain to multidomain behavior. Arrays of such magnetic ''quantum dots'' may also be of interest for magnetic storage applications where storage densities of 100 Gbit/sq. in. can be envisaged using advanced lithographic techniques. Different routes can be taken to fabricate magnetic structures ranging from the micron to the nanometer regime by using, e.g., electron beam lithography, 2 metalorganic chemical vapor deposition with a tunneling microscope tip 3 or the deposition of sub-monolayer magnetic films on Au͑111͒ surfaces. 4 To investigate the magnetic properties of such small particles large arrays ͑ϳ10 6 in Ref. 2͒ can be used and the macroscopic stray fields can be measured conventionally. Other methods to obtain magnetic information about individual ultrafine particles involve an elaborate microsusceptometer technique based on dc superconducting quantum interference devices, 5 scanning magnetometers, 6 Hall effect measurements employing two-dimensional electron systems, 7 magnetic force, [8] [9] [10] and Lorentz microscopy. 11 Below we show that the ballistic motion of electrons in a two-dimensional electron gas ͑2DEG͒ can be used to obtain information about the stray fields of periodically arranged micromagnets deposited on top of semiconductor heterojunctions as is shown in Fig. 1 . We find pronounced oscillations of the resistance of the 2DEG as a function of the externally applied magnetic field B 0 reflecting the presence of a periodically modulated magnetic field in the plane of the electron gas ͑accompanied by a weak electrostatic periodic potential; see below͒.
II. COMMENSURABILITY EFFECTS IN MODULATED TWO-DIMENSIONAL ELECTRON SYSTEMS
Two-dimensional electron systems can be found in field effect transistor structures or in GaAs-AlGaAs heterojunctions. 12 In GaAs-AlGaAs heterojunctions, e.g., the electrons are trapped in a potential well at the interface between the two materials and carrier motion in growth direction is prohibited while possible along the interface. 2DEG's are known for their peculiar transport properties. In strong magnetic fields, Shubnikov-de Haas oscillations appear in the longitudinal resistivity xx , while the Hall resistance displays quantized values, the quantum Hall or von Klitzing effect. 13, 14 These effects are closely connected to the discrete Landau level energy spectrum of the electrons in a magnetic field. At zero or low magnetic fields ͑and low temperatures͒ the electrons can travel ballistically over several microns. Effects like electron focusing, 12, 15 contact resistances, 16, 17 or commensurability effects ͑in lateral superlattices͒ 18, 19 can be found in such systems. The effect of a weak periodic magnetic field on a twodimensional electron gas has been predicted to result in an oscillatory magnetoresistance, which reflects the commensurability between the period a of the magnetic field modulation and the classical cyclotron diameter 2R c of the electrons at the Fermi energy E F . [20] [21] [22] [23] For a weak one-dimensional magnetic modulation with modulation amplitude ͉B m ͉ much smaller than the external magnetic field ͉B 0 ͉, the magnetoresistance xx oscillates with minima appearing at magnetic fields given by [20] [21] [22] [23] [24] 2R c ϭ 2បk
͑1͒
where ϭ1,2 is an integer oscillation index, k F ϭ ͱ2n s is the Fermi wavenumber, n s is the carrier density of the 2DEG, and a is the period of the modulation in x direction. This effect, observed recently, [25] [26] [27] is intimately related to the commensurability ͑Weiss-͒ oscillations observed in the resistivity xx of a 2DEG with weak electrostatic modulation. 18, 28, 29 Similar to the electric case, the magnetic modulation modifies the energy spectrum. [20] [21] [22] [23] [24] The degenerate Landau levels are transformed into bands of finite width. The dispersion of these Landau bands provides an additional contribution to the resistivity xx , that only vanishes when the bandwidth becomes zero ͑flatband condition͒. 24, 28, 29 In contrast to Eq. ͑1͒, describing the flatband condition for magnetic modulation, the flatband condition for weak electrical modulation reads 2R c ϭ(Ϫ1/4)a with ϭ1,2,... . Hence, xx of a 2DEG with a weak electric modulation displays minima at B 0 fields where in a weak magnetic modulation of the same period a maxima would appear.
To understand the experiments below it is, however, sufficient to consider the classical motion of electrons in periodic electrostatic and/or periodic magnetic fields. For the case of a pure electric modulation, the additional contribution to xx has been related to the classical guiding center drift of the cyclotron orbits, which vanishes if the flatband condition holds. 30 This classical picture can be extended to include, in addition to an arbitrary periodic modulation V m (r) ϭ ͚ q 0 V q e iqr of the electrostatic potential energy of an electron, a weak modulation B m (r) ϭ ͚ q 0 B q e iqr of the z component of the magnetic field ͓qϭ(Kn x ,Kn y ) with Kϭ2/a and integers n x , n y , not simultaneously zero͔. Averaging the modulation induced drift of the guiding centers over the unperturbed cyclotron orbits at field B 0 , 24, 30 we obtain a change in the resistivity
where 0 ϭ1/en s is the zero-field resistivity of the unmodulated 2DEG with the electron mobility , q ϭeB q /m* ͑m* is the effective electron mass of GaAs and either ϩ1 or Ϫ1 depending on the direction of the externally applied magnetic field B 0 . For a one dimensional ͑1D͒ modulation ͓qϭ(Kn x ,0)͔, we find ⌬ xy ϭ⌬ yx ϭ⌬ yy ϭ0 to leading order in the small parameter (B) Ϫ1 . Equation ͑2͒ directly relates the observable resistivity changes to the periodic magnetic field ''landscape.''
III. FABRICATION AND EXPERIMENT
Our samples were prepared from high-mobility GaAsAlGaAs heterojunctions. The 2DEG was located approximately 100 nm underneath the sample surface. The carrier density n s and electron mobility at 4.2 K were typically ϳ2.2ϫ10
11 cm Ϫ1 and 1.3ϫ10 6 cm 2 /V s in the dark, corresponding to an elastic mean free path of ϳ10 m, much longer than the spacing of the micromagnets. 50-m-wide Hall bars, sketched in Fig. 3͑d͒ were fabricated by standard photolithographic techniques. Alloyed AuGe/Ni pads contact the 2DEG. A 10 nm thin NiCr film, evaporated on top of the devices, defines an equipotential plane to avoid electric modulation of the 2DEG. However, strain due to different thermal expansion coefficients of the ferromagnetic grating and the heterojunction always results in a weak electric periodic potential as the sample is cooled down to cryogenic temperatures. 31 The strain-induced electrostatic potential modulation, based on calculations of Davies and Larkin, 32 is shown in Figs. 2͑a͒ and 2͑b͒ . The Dy arrays with periods of 500 nm and 1 m were defined by electron beam lithography on top of the NiCr gates. After developing the exposed PMMA resist, a 200 nm Dy film was evaporated. After liftoff in acetone, ferromagnetic microstructures, like the ones shown in Fig. 1͑b͒ , were obtained. Four-point resistance measurements were performed in a 4 He cryostat with superconducting coils using standard ac lock-in techniques. A current bias I is applied between contacts 1 and 2 ͓see Fig. 1͑d͔͒ and the measured voltage drop U between, e.g., contact 3 and 4 ͑7 and 8͒ and 3 and 5 ͑7 and 9͒ give the longitudinal resistivity xx ϭwU x /Il and the Hall resistance xy ϭU y /I in the patterned ͑unpatterned͒ segments of the Hall bar geometry. Here, l/w is the ratio between potential probe separation and width of the Hall bar. Figure 2͑c͒ displays the magnetoresistance of a 2DEG measured for different directions of the magnetization M in the Dy strips. The direction of M ͓see inset of Fig. 2͑c͔͒ was adjusted by tilting the sample with respect to the direction of the external magnetic field which, in this case, was swept up to a maximum field of 10 T and then back to B 0 ϭ0 T. For the resistance measurements the samples were rotated back to such an orientation that the external magnetic field B 0 was applied normal to the plane of the 2DEG ͑z direction͒. Because the Dy microstructures used here show pronounced hard magnetic behavior, 26 the imposed magnetization is only slightly changed in the low field region. If the strips are magnetized along their axis essentially no magnetic modula-tion is imposed on the 2DEG, as expected, and the xx trace is virtually independent ͑on this scale͒ of the applied magnetic field. The situation changes dramatically if the strips are magnetized either in z or in x direction. The corresponding stray field in the plane of the 2DEG is shown schematically in Figs. 2͑a͒ and 2͑b͒ , respectively. In Figs. 2͑a͒ and 2͑b͒ the slope of the conduction band underneath a ferromagnetic strip in GaAs is also shown. The modulation of the electrostatic potential is due to the strain imposed by the metallic microstructures on top of the heterojunction. Pronounced oscillatory behavior dominates xx in Fig. 2͑c͒ with minima at magnetic field positions predicted for pure magnetic modulation. Hence, these traces display the magnetic commensurability oscillations anticipated by theory. Since on the other hand we know that a strain induced electric modulation is present, we conclude that for the maximum ''conditioning'' field of B max ϭ10 T the strength of our micromagnets covers up the effect of the electrostatic potential modulation.
IV. ONE-DIMENSIONAL PERIODIC MAGNETIC FIELDS
In Fig. 3 we display the resistivity xx for different strength of the magnetic field B max applied in the z direction ͓perpendicular to 2DEG, see Fig. 3 illustrates the competition between electric and magnetic modulation. By increasing the magnetization M in the strips gradually, starting from MϷ0, the influence of both the electrostatic periodic potential and the magnetic modulation can clearly be seen. 26 In Fig. 4 the strain-induced electrostatic periodic potential is in phase with the periodic magnetic field ͓maxima of the periodic FIG. 2. ͑a͒ Periodic magnetic field ͑z component͒ and strain induced ͑dashed͒ electrostatic periodic potential underneath a metallic strip. ͑b͒ As ͑a͒ but with a magnetization orientation of the strips parallel to ͑x direction͒ the two-dimensional electron gas. Note the phase shift between periodic potential and periodic magnetic field for this magnetization orientation. potential and the periodic magnetic field are both underneath the centers of the magnetic strips; see Fig. 2͑a͔͒ . In Fig. 4 traces labeled ͑a͒-͑e͒ are also taken for different maximum ''conditioning'' fields B max between 1 T ͑a͒ and 10 T ͑e͒. With increasing B max a richer oscillatory structure unfolds in xx indicating a growing amplitude of the magnetic field modulation. Open triangles mark the expected positions of the minima ͑flatband condition͒ for pure electric modulation at 2R c ϭ(Ϫ1/4)a while filled ones mark pure magnetic modulation at 2R c ϭ(ϩ1/4)a. With increasing strength of the magnets ͓corresponding to growing B q in Eq. ͑3͔͒ the minima positions shift from electric-modulation-dominated minima to magnetic-modulation-dominated minima ͑from 2 e to 1 m for B 0 Ͼ0 and from 1 e to 1 m for B 0 Ͻ0͒. The asymmetry of the traces with respect to B 0 ϭ0 is a consequence of changing the sign of in Eq. ͑3͒. 26 The shift of the minima in Fig. 4 corresponds to a growing magnetic contribution s m ϵ(k F /q)ប q sin[qR c Ϫ(/4)] in Eq. ͑3͒, whereas the strain induced contribution, s e ϵV q cos[qR c Ϫ(/4)], is unaltered. The minima position in xx is determined by the zeros of ͉s m ϩs e ͉ 2 . Hence, the shift can be used to estimate the amplitude of the magnetic stray field: assuming a simple sinusoidal modulation ͓qϭ(2/a,0)͔ we obtain a remanent peak-to-peak modulation of 40 mT for trace ͑e͒ at B 0 ϭ0.
26
The ''interference'' of electric and magnetic modulation changes drastically if M is tilted in the x direction. 24 Now the magnetic modulation suffers a phase shift of /2 with respect to the electric one ͓see Fig. 2͑b͔͒ . Such a phase shift, already addressed in Ref. 21 has consequences. While a magnetization in the z direction leads to real Fourier coefficients, that is to a pure cosine expansion of the modulation magnetic field, the magnetization in the x direction leads to purely imaginary coefficients, i.e., a sine expansion. As a result, the Lándau bands no longer become flat since now magnetic and electric modulation are simply added, ͉s m ͉ 2 ϩ͉s e ͉ 2 . This additive behavior can clearly be seen in the traces of Fig. 5 where the strips are magnetized parallel to the 2DEG. The dashed trace is taken directly after cooling down the device and the oscillations in xx are perfectly described by a pure electrostatic periodic potential, strainimposed upon the 2DEG. With increasing B max the effect of the magnetic field modulation takes over as can be seen from the minima position at the magnetic flatband condition ͑full triangles͒. At the magnetic flatband condition ϭ1 near B 0 ϳ0.28 T it is obvious that the xx minimum ''sits'' upon the maximum originating from the electric modulation. Figure 6 displays data measured in a two-dimensional periodic magnetic field generated by an array of nanoscale magnetic posts. The size of the arrays investigated was ϳ100 ϫ100 m 2 containing approximately 4ϫ10 4 ferromagnetic Dy dots. We note that the sensitivity of the device is not restricted to such macroscopic sizes, a few periodically arranged dots are sufficient to observe similar effects. As for a 1D magnetic modulation, pronounced low field oscillations indicate the presence of a periodic magnetic field ͑effects associated with the quantum-mechanical Hofstadter energy spectrum 33 were not identified so far͒. The thin solid line in both figures are identical and obtained for a magnetization perpendicular to the 2DEG. The minimum position of this trace between the electric ͑ϭ2͒ and magnetic ͑ϭ1͒ flatband condition indicates that also an electrostatic periodic potential, again due to strain, contributes to the oscillatory resistance. A characteristic change of the oscillation pattern is observed if the magnetization vector is tilted from the z direction into the x ͓Fig. 6͑a͔͒ or the y direction ͓Fig. 6͑b͔͒. This is done by applying the magnetizing field B max in x or y direction, respectively, before the sample is rotated back into the measuring position with the magnetic field B 0 always oriented along the z axis. The higher the applied B max , the higher is the in-plane component of the magnetic stray field. While the oscillations in Fig. 6͑a͒ increase with increasing B max , the oscillation amplitudes become smaller for increasing magnetizing fields in Fig. 6͑b͒ . The observed behavior is closely connected to the geometry of the stray field pattern relative to the orientation of the Hall bar. The effect of different orientations of M on the stray field pattern is illustrated in Fig. 7 . If the magnetization is tilted towards the plane of the 2DEG, the square symmetric stray fields for magnetization M ʈ z ͑see Fig. 7 , top row͒ become similar to the stray fields of ferromagnetic wires ͑Fig. 7, bottom row͒ with a magnetization parallel to the 2DEG. 24, 34 Hence, the situation displayed in Fig. 6͑a͒ is closely related to a situation where the current flows perpendicular to an array of in-plane magnetized ferromagnetic strips ͑1D modulation͒. A characteristic feature of this geometry is that the minima positions now nearly perfectly coincide with the positions expected for pure magnetic modulation. This is due to the phase change of the magnetic stray field pattern with respect to the strain induced electrostatic potential ͓similar to the situation sketched in Figs. 2͑a͒ and 2͑b͔͒. As discussed above, the Fourier coefficients V q and q no longer have the same complex phase and the ''magnetic'' and ''electrostatic'' contributions to the resistivity are simply added up. 21, 24, 34 Hence, the minima positions are close to the expected magnetic field values for the magnetic flatband condition and the presence of the electrostatic periodic potential is manifested by an increased ͑oscillatory͒ resistance level. In Fig. 6͑b͒ , on the other hand, the current flow is parallel to the 1D-like magnetic field modulation. For a strict 1D modulation of the magnetic field, the oscillations due to the magnetic modulation may be completely suppressed as the alternating magnetic fields ''guide'' the electrons with increasing B max in the direction of the current flow. Hence, the ''magnetic'' contribution to yy ͑and therefore to xx ͒ becomes smaller with increasing B max and the remaining oscillatory features become successively dominated by the electrostatic periodic potential. This picture is consistent with the observation that the oscillation amplitude in Fig. 6͑b͒ decreases with growing B max and that the oscillation minima shift closer to the ''electric'' flatband conditions. FIG. 7 . Different orientations of the magnetization vector inside the magnetic dots ͑left hand side͒ and corresponding stray field pattern ͑z component͒ experienced by the electrons ͑middle row͒. The right row shows the corresponding contour plots illustrating the symmetry of the stray field pattern in the plane of the electron gas. The 2DEG is lying in the x-y plane.
V. TWO-DIMENSIONAL PERIODIC MAGNETIC FIELDS

